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[57] ABSTRACT 

In an image sensing device, a photodiodc is connected 
to a drain of a MOS transistor. The drain is connected to 
a gate of the MOS transistor via a resistor. The MOS 
transistor operates in a subthreshold region to output a 
signal being logarithmically proportional to the inten- 
sity of incident light to the photodiode. 

3 Claims, 6 Drawing Sheets 
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n is a constant determined by the configurations of 

SOLID-STATE IMAGE SENSING APPARATUS MOS transistors 2a and 2b; and 

C is a capacitance of a capacitor 3. 
BACKGROUND OF THE INVENTION The equation (1) indicates that the sum Of an accu- 
1 Field of the Invention 5 mulation value of a photoelectric current I/>and a fixed 
The present invention relates to a solid-state image value determined by Vq,- V S si is logaridmiinUy con- 
sensing apparatus for converting a light signal into an veTi f , mt0 a ^ * f V ^ 18 efficiently 
electric signal, and more particularly, to a solid-state small > ^ e <* uatl0n « can be re - wntten «* 
image sensing apparatus where the dynamic range is 10 

expanded by the incorporation of a logarithmic conver- ✓ x ( 2 ) 

sion function, p 2. Description of the Prior Art ro= Vss\ + JL ^- in f //^// J 

Solid-state image sensing apparatuses not only are 

smallsized, light-weight and consume less power but _ A , , . , . . 

they also are free fromimage distortion and sticking and 15 the loganthmic version of the sum is precisely 
have a tolerance for environmental conditions such as . ' , , A , 
vibration and magnetic fields. Since they can be manu- j^f*? a '^^S^ ** (J T" 
factored by a process common or similar to that of large ** e P< ? APJ*«f « H 1-334472 , the accumula- 
scale integrated circuits (LSIs), they have a high reu- tt °t ^ nv l^ «J™» ^» ^St- 
ability and are suitable for mass production. BecTuse of 20 fS^^JSLtST^ T^V* ^ 
- j A j * * . * mcident onto a pnotodiode 1 changes during the accu- 
these advantages, wkd-state image sensmg apparatuses ^ ^ photoelectric Cerent 1 P changes ac- 
are w.dely used For examp e, a linear image sensmg ^ ^ va]tte of toitotodectric 
apparatus is used m a facsimile apparatus and a two-di- current j ^ logarithmicall converted (in a typical 
mensional image sensing apparatus is used m a video soUd . gtate ^ seming apparatus whteh v ha> J]^. 

camera- ... rithmic conversion function, a signal proportional to the 

However, most solid-state image sensing apparatuses accttmulatioil value of the 

photoelectric current lp is 

have defects that a precise control of the exposure obtame d). With such a feature, a solid-state image sens- 
amount is required since the dynamic range is small • apparatus havillg a wide dynamic r and ble 
compared to that of the silver film and that even if the of sensing ]ight from hi gh luminance to low luminance 
exposure amount is precisely controlled, a dark portion JU can be realized. 

of an image is sensed as a black portion, or a bright the prior ^ however, when the intensity of light 
portion is sensed as a white portion, since the dynamic incident onto the pnotodiode rapidly changes, the out- 
range is small. As a solution to these problems, a solid- put voltage V 0 cannot sufficiently follow the change of 
state image sensing apparatus has been proposed having the light intensity. This results from the fact that a stray 
a wide dynamic range and capable of sensing light of capacitance 5 exists at a node 4 of the MOS transistors 
from high luminance to low luminance. The solid-state 2a and lb as shown by the dotted lines in FIG. 1. That 
image sensing apparatus is provided with a photosensi- is, in order to obtain the equation (1) or (2), it is neces- 
tive means capable of generating a photoelectric cur- sary, as described in the specification of the prior art, 
rent which is in accordance with the intensity of inci- ^ that a gate voltage Vg of the first and second MOS 
dent light, a metal oxide semiconductor (MOS) transis- transistors 2a and 2b change in correspondence with the 
tor to which the photoelectric current is inputted and a photoelectric current lp as indicated by the following 
bias means for biasing the MOS transistor so that the equation (3): 
bias voltage thereof is equal to or below a threshold 

voltage and that the subthreshold current can flow 45 (3) 
therethrough. A characteristic region where the sub- y = y y ( n kT h *p \ 
threshold current flows is hereinafter referred toasa G ssl+ r+ l ? j 
subthreshold region. The logarithmic compression con- 
version of the photoelectric current is made by using where: 

the MOS transistor in a subthreshold region. 50 V^is a threshold voltage of the first MOS transistor 

FIG. 1 shows an arrangement of a circuit correspond- 2a; and 
ing to one pixel of a solid-state image sensing apparatus do is a constant determined by the configuration of 
of Japanese Patent Application HI -3 34472 of the pres- the first MOS transistor 2a. 
ent applicant. Under a stationary state, the gate voltage Vcis deter- 
In this circuit, when Vo— Vo/at t=0, if the substrate 55 mined by the equation (3) and no currents flow through 
bias effect is ignored, the following equation (1) is ob- the stray capacitance 5. However, when the photoelec- 
tained: trie current lp changes, a current for the charging or 

discharging of the stray capacitance 5 flows through the 

y 0 _ Vssi + (1) strav capacitance 5. The current becomes 0 when the 

60 charging or discharging is completed, and consequently 

1- / \-i the gate voltage Vg takes a value obtained by the equa- 

" ^ kre + «p{ Tkr (Fo/ ~ Vssi) ) tion ®* For reason > ^ chan S e of the gate voltage 

L nKI c V" / J V G is delayed (delayed by the period of time required 

for the charging or discharging of the stray capacitance 

where: 65 5) compared with the change of the photoelectric cur- 

q is an electron charge; rent I/>. Hence, when the photoelectric current lp 

k is a Boltzman's constant; changes, the logarithmic conversion based on the equa- 

T is an absolute temperature; tion (1) or (2) is not precisely made. 
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The delay of the change of the voltage Vg will be FIG. 4 is a circuit diagram of a third embodiment of 

described in more detail. First, a case will be described a solid-state image sensing apparatus of the present 

where the photoelectric current lp decreases due to a invention; 

decrease of the light intensity. In this case, the charge FIG. 5 is a circuit diagram of a fourth embodiment of 

accumulated in the stray capacitance 5 is discharged, so 5 a solid-state image sensing apparatus of the present 

that the potential of the voltage V G decreases. This invention; and 

discharging is made by means of a drain current of the FIG - 6 1S a circuit diagram of a fifth embodiment of a 

first MOS transistor 2a. The drain current decreases as solid-state image sensing apparatus of the present inven- 



tion. 



the gate voltage decreases. Therefore, the drain current 

decreases as the drain voltage, i.e. the gate voltage 10 DESCRIPTION OF THE PREFERRED 

decreases with the proceeding of the discharging of the EMBODIMENTS 

charge = accumulated in the stray ca^ce S^cause Embodiments of the t ^ hereinaf . 

of the dram current decrease, the effect of the dKcharg- ^ ^ ^ tQ ^ ^ 

ing detenorates, thereby mcreasing the discharging w fjg.2 shows an arrangement of a circuit correspond- 

time. For this reason, the capabihty of the gate voltage mg to one pix el of a soUd-state image sensing apparatus 
Veto follow the change of the photoelectric current lj> wMch ^ ft ^ embodiment of the present inven tion. In 

deteriorates. this ekemt, a resistor 8 is mserted between the dj^in and 

In a case where the photoelectric current Increases gate of ^ first MOS transistor 2a, and the gate of the 
due to an increase of the light intensity, the potential of 20 second MO S transistor 2b is connected to the gate of the 

the gate voltage Vg increases as charge is accumulated first M0S transistor 2a. Stray capacitances 6 and 7 exist 

in the stray capacitance 5. The current required for the at ^ e gate ^ dram G f ^ f irst MO S transistor 2a, 

charging is supplied by the photodiode 1. However, respectively. 

since the current lp which flows through the photodi- An operation of this circuit in a case where the light 
ode 1 is divided into a current which flows through the 25 intensity rapidly changes will hereinafter be described, 
stray capacitance 5 and a current which flows through First, a case will be described where the light inten- 
the first MOS transistor 2a, the effect of the charging sity decreases to decrease the photoelectric current I/>< 
deteriorates as the current which flows through the first In this case, the charges accumulated in the stray capac- 
MOS transistor 2a increases. Since the gate of the first itances 6 and 7 are discharged, respectively, so that the 
MOS transistor 2a is directly connected to the drain 30 gate voltage V<? and the drain voltage Vd of the first 
thereof, the gate voltage increases as the drain voltage MOS transistor 2a decrease. The discharging of the 
increases, thereby deteriorating the effect of the charg- stray capacitance 7 is made by means of the drain cur- 
ing. For this reason, the capability of the gate voltage rent of the first MOS transistor 2a, while the discharg- 
V G to follow the change of the photoelectric current lp ing of the stray capacitance 6 is made by means of the 
deteriorates. 35 resistor 8 and the drain current of the first MOS transis- 
tor 2a. 

SUMMARY OF THE INVENTION For ^ above reasons> ^ drain voltage Vz) of the 
An object of the present invention is to provide a first MOS transistor 2a decreases by a discharging cur- 
solid-state image sensing apparatus where an output rent V °? the strav capacitance 7 While a discharging 
voltage excellently follows a rapid change of the light 40 current is of the stray capacitance 6 is flowing through 
intensity, -the dynamic range is therefore wide and light the resistor 8, the gate voltage V G is higher than the 
of from high luminance to low luminance can to a high dram voltage Vo. When the discharging current i 6 be- 
precision be sensed comes 0, the voltage Vg becomes equal to the voltage 
To achieve the above-mentioned object, a solid-state In ate words, the voltage V G starts to decrease 
image sensing apparatus of the present invention is pro- 45 ater *™ the v Q tage V D . Since the drain current is 
vided with: means for generating a photoelectric cur- lar f ' V ^Jf ^ the df T ^ 
rent proportional to an intensity of incident light; a ™' doe * not ^ly decrease with the proceeding ; of 
WAC \_ . , * j * *v - +: ««™TL, the discharging of the stray capacitance 7. For this 
MOS transistor, connected to the generating means, for the ^charging of the^tray capacitance 6 
outputting a signal being logant^cally proportional 5Q ^ « promptly performed, 
to the intensity of incident light to the generating ^ ^ where ^ ^ m 
means, said MOS transistor being operated in a sub- ^ hotoelectric current x the volta v d 
threshold region; and a passive element for connecting Vz >increase by the charging of the stray capacitances 6 
a drain and a gate of the MOS transistor. ^ ? ^ ^ casC) ^ the current lpis divided int0 a 

BRIEF DESCRIPTION OF THE DRAWINGS 55 charging current supplied to the stray capacitances 6 

. . and 7 and a drain current which flows through the first 

This and other objects and features of this invention MOS 2a, the effect of the charging improves 

will become clear from the following description, taken ^ ^ cuxrent which flows through the first MOS tran- 

in conjunction with the preferred embodiments with sistor 2a decreases. In this embodiment, since the gate of 

reference to the accompanied drawings in which: ^ foe first MOS transistor 2a is connected to the drain 

FIG. 1 is a circuit diagram of a conventional solid- thereof through the resistor 8, the voltage Vg starts to 

state image sensing apparatus; decrease later than the voltage V&. For this reason, the 

FIG. 2 is a circuit diagram of a first embodiment of a drain current does not largely increase with the increase 

solid-state image sensing apparatus of the present inven- of the voltage Vp, and consequently the charging effect 

tion; 65 of the stray capacitance 7 improves. As a result, the 

FIG. 3 is a circuit diagram of a second embodiment of charging of the stray capacitance 6 through the resistor 

a solid-state image sensing apparatus of the present 8 is also promptly performed following the charging of 

invention; the stray capacitance 7. 
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FIG. 3 shows a second embodiment of the present 
invention. This embodiment is different from the first 
embodiment of FIG. 2 only in that the gate of the sec- 
ond MOS transistor 2b is directly connected to the drain 
of the first MOS transistor 2a and is connected to the 
gate of the first MOS transistor 2a through the resistor 
8. Other portions are the same as those of FIG. 2. 

In this embodiment, the drain voltage of the first 
MOS transistor 2a promptly follows the change of the 
light intensity similarly to the above-described first 
embodiment. As a result, the output voltage V# 
promptly follows the change of the light intensity. 

FIG. 4 shows a third embodiment of the present 
invention. In this embodiment, the resistor 8 of the first 
embodiment is replaced by a M <">s transistor ° f flnH a 
direct current voltage Vgg is applied to i the^gate of the 
MOSTransistor 9 throu^n a terminal 10 . The conductiv- 
ity of the MOS transistor 9 can be controlled by con- 
trolling the voltage Vgg* This indicates that the drain- 
source of the MOS transistor 9 can equivalently be 
regarded as a resistor hav ing a value which is in accor- 
dance with the Voltage vgg* *lence, similarly to the 
first embodiment, the gate voltage oi the first MPS 
transistor 2a promptly follows the change of the litfot 
intensity, and consequently the output voltage Vpalso 25 
promptly follows the change of the light intensity. 

Fl6& S and 6 show fourth and fifth embodiments of 
the present invention, respectively. In these embodi- 
ments, the gate of the MOS transistor 9 of the third 
embodiment is connected to the drain or the source of 30 
the MOS transistor 9. By controlling the threshold 
voltage of the MOS transistor 9 by means of ion implan- 
tation, the same result as that of the third embodiment is 
obtained. Furthermore, these embodiments are advanta- 
geous over the third embodiment in that the terminal 10 35 
for receiving the voltage Vgg can be omitted. 

Since the first and second MOS transistors 2a and 2b 
operate in the subthreshold region, it is preferable that 
the MOS transistor 9 also operates in the subthreshold 
region. In the MOS transistor 9 of the third to fifth 40 
embodiments, of the terminal connected to the gate of 
the first MOS transistor 2a and the terminal connected 
to the drain of the first MOS transistor 2a as described 
above, the terminal having a lower potential functions 
as the source and the terminal having a higher potential 45 
functions as the drain. Since the source of the MOS 
transistor 9 is connected to the drain or the gate of the 
first MOS transistor 2a t the substrate bias voltage of the 
MOS transistor 9 is higher than that of the first MOS 
transistor 2a. For this reason, in order to cause the MOS 
transistor 9 to operate in the subthreshold region, it is 
necessary to determine the threshold voltage of the 
MOS transistor 9 so as to be lower than that of the first 
MOS transistor 2a. Such a threshold voltage can be 
realized by the ion implantation of phosphorus into the 55 
gate region of the MOS transistor 9. 

While n-channel MOS transistors are employed as the 
first and second MOS transistors 2a and 2b in the above- 
described embodiments, p -channel MOS transistors 
may be employed (although it is necessary to change 60 
the bias relationship). Moreover, while the gate of the 
second MOS transistor 2b is connected to the gate of the 
first MOS transistor 2a in the third to fifth embodi- 
ments, it is clear that the same result is obtained even if 
the gate of the second MOS transistor 2b is connected to 65 
the drain of the first MOS transistor 2a 

Obviously, many modifications and variations of the 
present invention are possible in light of the above 
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teachings. It is therefore to be understood that within 
the scope of the appended claims, the invention may be 
practiced other than as specifically described. 
What is claimed is: 

1. An image sensing device comprising: 

means for generating a photoelectric current propor- 
tional to an intensity of incident light; 

a first MOS transistor, connected to the generating 
means, for outputting a signal which is logarithmi- 
cally proportional to the intensity of incident light 
to the generating means, said first MOS transistor is 
operated in a subthreshold region; and 

an active element, connecting a drain and a gate of 
the first MOS transistor, for delaying a variation in 
gate voltage of the first MOS transistor, said volt- 
age variation being brought about by a variation in 
the photoelectric current 

wherein any stray capacitance existing at the gate of 
the first MOS transistor is promptly charged or 
discharged through the active element. 

2. An image sensing device as claimed in claim 1, 
wherein the active element is a second MOS transistor 
different from the first MOS transistor. 

3. An image sensing device as claimed in claim 2, 
wherein a direct-current voltage is applied to a gate of 
the second MOS transistor. 

4. An image sensing device as claimed in claim 2, 
wherein a gate of the second MOS transistor is con- 
nected to a drain or a source of the second MOS transis- 
tor. 

5. An image sensing device as claimed in claim 2, 
wherein the second MOS transistor is operated in a 
subthreshold region. 

6. An image sensing device as claimed in claim 1, 
further comprising: 

a third MOS transistor being operated in the sub- 
threshold region, and being connected to the gate 
and the drain of the first MOS transistor with a gate 
of the third MOS transistor; and 

a capacitor being connected to a source of the third 
MOS transistor; 

wherein a voltage resulting from a connection be- 
tween the source of the third MOS transistor and 
the capacitor is logarithmically proportional to an 
integrated amount of the photoelectric current 

7. An image sensing device responsive to a rapidly 
changing light intensity, comprising: 

means for generating a photoelectric current propor- 
tional to an intensity of incident light; 

an MOS transistor, having a gate forming an output 
and a drain, connected to the generating means, for 
outputting at the output a signal logarithmically 
proportional to the intensity of incident light to the 
generating means, the MOS transistor is operated 
in a subthreshold region; 

means for maintaining the gate voltage at a higher 
voltage than the drain voltage during any rapid 
light intensity change, the maintaining means en- 
abling a prompt charging or discharging of any 
stray capacitance generated by the rapid change in 
light intensity, the stray capacitance having a volt- 
age at the output; 

circuitry for receiving the voltage from the stray 
capacitance, the voltage reflecting the prompt 
charge or discharge of the stray capacitance. 

8. An image sensing device responsive to rapidly 
changing light intensity, comprising: 
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means for generating a photoelectric current propor- 
tional to an intensity of incident light; 

a first MOS transistor, having a gate and a drain, 
connected to the generating means for outputtLng a 5 
signal logarithmically proportional to the intensity 
of incident light to the generating means, the MOS 
transistor is operated in a subthreshold region; and 

means for delaying a variation in gate voltage to 10 
enable a prompt charging or discharging of any 



8 

stray capacitance generated by the rapid change in 

light intensity, the delaying means comprising: 

a second MOS transistor, connected between the 

gate and drain of the first MOS transistor; and 

a voltage source applying a voltage to the second 

MOS transistor of a magnitude to permit the gate 

voltage of the first MOS transistor to promptly 

follow any change in intensity of incident light, 

thereby allowing the second MOS to accurately 

follow rapid changes in light intensity. 
***** 
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[57] ABSTRACT 

An image sensing device that outputs a signal logarith- 
mically proportional to the intensity of the incident 
light. The image sensing device makes use of a sub- thre- 
shold current flowing between the drain and source of 
a MOS transistor when the gate voltage is below the 
threshold voltage (above which the MOS transistor is 
nominally conductive and below which nominally non- 
conductive). Since the logarithmic conversion is done 
in the photosensing section of a solid-state image sens- 
ing device, the output from the device is already com- 
pressed and is easily handled by a small capacity CCD. 
Some output systems for the image sensing device of the 
present invention are also described. 

4 Claims, 7 Drawing Sheets 
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FIG. 4A 
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a first MOS transistor having a gate, a source and a 

SOLID-STATE IMAGE SENSING DEVICE drain formed on a substrate; and integrating means for 

PROVIDING A LOGARITHMICALLY receiving the signal and integrating the signal for a 

PROPORTIONAL OUTPUT SIGNAL preset period. 

5 Other features of the present invention and specific 

This is a continuation of application Scr. No. examples of every means constituting above features of 

07/630,307 filed on Dec. 19, 1990 now abandoned. the invention is described in detail in the description of 

BACKGROUND OF THE INVENTION cmbodimcnts *« foUow ' 

The present invention relates to a solid-state image 10 BRIEF DESCRIPTION OF THE ATTACHED 
sensing device, i.e., a device that converts light into DRAWINGS 
electrical signal, especially a non-linear image sensing FIG. 1 is a circuit diagram of an image sensing device 

device whose conversion characteristic is compressive. as the first embodiment of the present invention. 

Solid-state image sensing device can be very small, FIG. 2 is a circuit diagram of an image sensing device 
light-weight and consumes less power. It has further IS as the second embodiment of the present invention, 
advantages such that it is free from distortion in the FIG. 3 A is a construction diagram of the first exam- 
image field and robust against sticking, vibration or pie of an output system for the image sensing device of 
strong external magnetic field. Since the solid-state chip the second embodiment where the output signal is given 
can be manufactured by the same or similar process as to a CCD, and FIG. 3B is a timing chart of the driving 
that of genera] LSIs (Large Scale Integrated circuits), it 20 signals for the CCD. 

can be mass-produced with high reliability. Thus, solid- FIG. 4A is a construction diagram of the second 
state image sensing devices are widely used in many example of an output system for the image sensing de- 
fields: for example, a linear image sensing device is used vice of the second embodiment where the output signal 
in a tele-facsimile machine and a two-dimensional image is given to a CCD, and FIG. 4B is a timing chart of the 
sensing device is used in a video recorder. 25 driving signals for the CCD. 

One of few shortcomings of the solid-state image FIG. 5 A is a construction diagram of the third exam- 
sensing device is that the dynamic range is relatively pie of an output system for the image sensing device of 
small compared to the normal chemical photographic the second embodiment where the output signal is given 
film using silver salt. This necessitates a subtle control to a CCD, FIG. SB is a timing chart of the driving 
of the exposure (light amount inputted into the solid- 30 signals for the CCD, and FIG. 5C shows potential dia- 
state image sensing device). Even using a sophisticated grams at different stages of the charge transfer in the 
exposure control, there are sometimes the case where CCD. 

the dark part of the image is sensed completely black FIG. 6 is a circuit diagram of an image sensing device 

and the bright pan of the image is sensed completely added a pre-charge circuit to the circuit of the second 

white (the output from the image sensing device satu- 35 embodiment. 

rates). FIG. 7A is an example of concrete structure of the 

SUMMARY OF THE INVENTION T^n^Z* ^ 2 ^ if * 

FIG. 7B is the circuit diagram, and FIG. 7C is the cross- 

An object of the present invention is therefore to sectional view of the structure. 

provide a solid-state image sensing device having a 40 

wide dynamic range. DETAILED DESCRIPTION OF THE 

Another object of the present invention is to make the PREFERRED EMBODIMENT 

solid-state image sensing device as small as possible so Before describing an embodiment of the present in- 

that it can be used in a compact-size video camera etc. vention, the principle of the logarithmic compression 

These and other objects are achieved by an image 45 used in the present invention is explained, 

sensitive device of the present invention comprising: a In case of a MOS (Metal Oxide Semiconductor) tran- 

MOS transistor having a gate, a source and a drain sistor, a small amount of current ( "sub-threshold cur- 

formed on a substrate; connecting means for electrically rent" ) flows under the gate when the gate voltage is 

connecting the gate and the drain; photoelectric current Tower than the so-called threshold voltage of the MOS 

generating means (such as a photodiode) for generating 50 transistor above which the MOS transistor becomes 

a photoelectric current proportional to an intensity of nominally conductive between the drain and the source 

incident light, where the current is provided to the and below which the MOS transistor becomes nomi- 

drain of the MOS transistor; and means for applying a nally non-conductive. The sub-threshold current is due 

voltage to the substrate of the MOS transistor in order to a weak inversion state occurring in the surface area 

to keep the voltage of the gate below a threshold volt- 55 of the silicon substrate under the gate oxide layer, and 

age above which the MOS transistor becomes conduc- the sub-threshold current causes various deleterious 

tive between the source and the drain. The image sensi- effects and therefore is thought to be undesirable char- 

tive device of the present invention is further character- acteristic of MOS transistors. The present invention 

ized by that it outputs a signal logarithmically proper- uses the sub-threshold current to control the photoelec- 

tional to the intensity of light incident to the photoelec- 60 trie conversion characteristic of the solid-state image 

trie current generating means. sensing device. 

Another feature of the present invention is an image The amount of the sub-threshold current is calculated 
sensitive device comprising: photosensitive means (such as follows (cf. R. M. Swanson and J. D. Meindl, "Ion- 
as a photodiode) for generating photoelectric current implanted Complementary MOS Transistors in Low- 
proportional to an intensity of incident light; logarith- 65 voltage Circuits", IEEE Journal of Solid-State Circuits, 
mic means for receiving the photoelectric current and Vol. SC-7, No. 2, pp. 146-153, April, 1972). When 
generating a signal logarithmically proportional to the Vc-V$^V7--j-n(kT/q) applies, the drain current Ii>of 
photoelectric current, the logarithmic means including an n-channel MOS transistor is: 
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- VT-nkT/gMl-cjLpii-mg/nkTXVfi-Vsy)} 



(1) 



where 

Vg. Vd> Vs, Vr gate, drain, source and threshold 
voltages of the MOS transistor, 

Z: channel width of the MOS transistor, 

L: channel length of the MOS transistor, 
electron mobility, 

q: charge of an electron, 

k: Boltzman's constant, 

T: absolute temperature, and 

C<>: capacitance of the gate insulation layer. 
In equation (1), 

m=(C o +Q/)/C 0 

n=(C 0 +Cj+C/J/C 0 

C/j=qN/, 
where 

C<r. capacitance of the depletion layer, and 
N/ s : surface state density. 

When Njs is 0, m equals n. If V/>— V s > >kT/q, and 
the drain current Id of equation (1) will be: 



jneans_J±^the_Rate^volta^e represents the 
Gogarithmic value of the photocurrent li 

The inequality (4) can oe sausnea oy' adjusting the 
substrate voltage Vst/B a& follows. Equation (2) shows 
that the drain current Ip is a function of the threshold 
voltage Vr, and the threshold voltage Vris given by; 



(8) 



10 



where 



(2) 25 



(3) 



Equation (2) m djcaj^JJbtfttJthe drain current Id is a 30 
function of the ^gate-source voltag e)(Vo— Vs) when 
Vo-V 5 ^Vr+n r Ckl/q)and V5^%>>kT/q. 

The solid-state image sensing device of the present 
invention makes use of the minute sub-threshold current 
of the MOS transistor. The first embodiment of the 35 
invention is now described referring to FIG. 1. FIG. 1 
is a circuit diagram showing one pixel of the solid-sta te 
image sensing device. The pn-iunctionll photodiode^ is 
the photosensitive element, whose anode is connected 
to the drain D_ amLgate G of an n-channel M6S transis- 40 
tor 2a. The cathode of the photodiode 11 is connected to 
a direct current (DC) source Vg/>, the* s ource S of the 
MPS transistor 2a is to another DC source V5 5, and the 
back gate (substrate) of the MOS transistor is to a third 
DC source Vsvb- Here Vdd>Vss=Vsub% ic, the 
photodiode 1 is applied a reverse bias and the drain D 
and source S of the MOS transistor is also applied a 
reverse bias as to the substrate. 

When light is irradiated onto the photodiode H, pho- 
tocurrent \p proportional to the intensity of the input 
light flows from the cathode to the anode of the photo* 
diode 1. Since Yd= Vc, 



where 

<&Msr- difference in the work function of the gate elec- 
trode and the silicon substrate, 
$/. Fermi level of the silicon substrate, 
15 65/- specific dielectric constant of the silicon substrate, 
£0: dielectric constant of the vacuum, and 
N# impurity density in the silicon substrate. 
Equation (8) shows that the threshold voltage Vr 
changes according to Vss— V$ot(= Vs— VsubY Since 
20 the drain current Id changes according to the threshold 
voltage Vr, the substrate voltage Ysopcan be properly 
adjusted to satisfy the inequality (4). 

A specific example of the image sensing device is now 
described. The constants of the example are as follows: 
Nj= IX H)i Vein 3 
Z/L=l 

fi n =lC00 cmW-sec 
T=300K 

C fl =3.5XlO-6F/cm* 

If the gate electrode is made of aluminum, 
®MS=— 0.9 V at the impurity density Nj of the sub- 
strate. Suppose, for simplicity, C</, Cfi and N/j are all 0 
(Q=C/j=0, N/s=0), both m and n equal 1 (m=n=l). 
In this case, loo is 



loo - 1000 X 3.5 X 10-* X 0.026 2 X 0.368 
= .8.70 X 10- 9 

and the threshold voltage Vris, when Vs—Vst/B=0 V, 

Kr{0)«-O.9+a5S+<2X 11.7X8.85 X 10- > 4 x 1.6- 
X 10* I9 X I0 ,5 X0.58)*/3.5 X 10- 8 =0.08 



45 



50 



kT/q< < V G - VssS V T +nkT/q 



(4) 



Hence, the current Inflowing through the MOS transis- 
tor 2a is 



lD~loo*xp{WnkTxy G - Vss- Kt)} 
Since I/> equals I/>in a steady state, 
h=lDOw{W*kT*V c ~ Vss- 
Hence, 

VG~ KS5+ Vr+(nkT/q)ln(lr/loo) 



and when V$— Vsub=5 V, 

KK5)=0.9I 

When the luminance on the surface of the photosensi- 
tive element (photodiode 1) is in the range between 0. 1 
1 X and 10 4 1 X , the photocurrent lp is approximately 
from 10- 14 to 10* 9 A, if the area of the photosensitive 
element is 100 pm 2 . From equation (7), the value of 
55 (Vg-Vss) is between (Vr-0.06) to (V7—OJ6). Spe- 
cifically, 

when V S - VsvB-^ V, V c - K«ss=0.02 to -0.28 
when V s - VsUB=* V, Vq- ^=0.85 to 0.55 

which shows that the inequality (4) is not satisfied when 
V$-Vst/£=0 V but is satisfied when Vs~Vsub=$ V. 
Thus it is proved that by properly adjusting the sub- 
strate voltage Vsub* the value of the photocurrent Ip 
can be converted into logarithmically compressed volt- 
es age value. 

FIG. 2 shows another embodiment of the present 
invention in which an integral circuit is added to the 



(5) 



60 



(6) 
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first embodiment shown in FIG. 1. Here also the pn- F. Tompsett, Bell Telephone Laboratory. Charge 

junction photodiode 1 is the photosensitive element, Transfer Devices, New Jersey: Murray Hill) or other 

and the anode of the photodiode 1 is connected to the methods. In this case, after the charges are transferred 

drain and gate of a first n-channel MOS transistor la to the CCD and the initial value of the voltage V 0 is set 
and the gate of a second n-channel MOS transistor 2b. 5 *t V 0 i, another round of integration should be started 

DC voltage V D d\ is applied to the cathode of the photo- again. FIGS. 3A-4B show the circuits and timing charts 

diode 1, Vssi to the source of the first MOS transistor f or fo e output process. The pulse timing in the timing 

2a t Vjxn to the drain of the second MOS transistor 2b. charts is based on the charge balancing method. 

The source of the second MOS transistor 2b is con- jn FIG. 3A, a third MOS transistor 2c is used to reset 
nected via a capacitor 3 (capacitance =C) to a DC io th c capacitor 3. In FIG. 4A, no additional transistor is 

source Vssz* To the substrate of the first MOS transistor ^ but pulse is given to the drain of the second 

2a is ^connected a DC source Vsrai- When the second MOS transistor 2b. In any case, three-phase-driven 

MOS M u formed on the same chip, or in the CCDisuscd? Lc>f ^ pulsc 4^ * <^and<t> 3 are 

same well, as the first MOS transistor la, the substrate to ^^f cr charges The simal charges are iniected 

vnw1T nd ^nT 5 ^ 0 ' ^nt" 1 ^ T C 15 by the difference in Ae voltogeTthe electrode aSied 
voltage Vskbi. When the second MOS transistor 2b is ,f f . u _ » , A . ? ^ , r . r 

formed on a separate chip, or in a different well, from V *<* DC V< ^ U « c) ,*^ * C . Cl ? tt *7£ h * " 
the first MOS transistor 2a, a different DC source ™ c °T££° n ° f " d ^I*'**™ 

Vsun is applied to the substrate of the second MOS ^^fW?^ ^becomes high (m case of FIGS. 3A 
transistor 2b or the substrate is connected to the source 20 ™* 3B )^^ec^m«low (in case of FIGS. 4Aand 
of the MOS transistor 2b, 4B > at t=t l' thevoltage V 0 is set at the value Vssj. Then 

In this embodiment, as described below, the integral volta « c V " Ureases according to the equation (13) 

value of the photocurrent 1? is logarithmically com- ( wherc w o\=Vssi). When 4>i becomes low at t=t 2 , 
pressed and the compressed value is obtained as the electrical charges proportional to the value of V fl -V* 
voltage V 0 at the junction of the source of the second 2 5 m stored under e,ectrodc »PP licd v °- *i 
MOS transistor 2b and the capacitor 3. becomes high at t« tj, the stored charges are transferred 

In the following calculations, it is supposed that the "n*" the electrode applied 4>i. Similarly, as the drive 
characteristics of the first MOS transistor la and of the P^ses *2 and *3 become high, the signal charges are 
second MOS transistor 2b are the same, and the sub- transferred through the corresponding electrodes, 
strate of the second MOS transistor 2b is connected to 30 whcn returns low (in case of FIGS. 3A and 3B) or 
its source. The voltage Vc commonly applied to the *D returns high (in case of FIGS. 4A and 4B) at t=t4, 
gates of the first and second MOS transistors la and 2b the voltage V d is again reset at the value Vssi and a new 
is given as: round of charge integration starts. Thus the logarithmi- 

cally compressed signal is injected as signal charges into 
yss\ + Vr+inkT/dUdp/lDo) (9) 35 CCD and transferred in the CCD. 

FIGS. 5A, 5B and 5C show still another circuit for 
and the current I2 flowing through the second MOS the charge injection of the logarithmically compressed 
transistor lb is, from equation (2): output signal. In this embodiment, the second MOS 

transistor lb in FIGS. 3A and 4A is combined with the 
h=lDJ**p{(i/»k7)(Vc- Vo~ Vt)} (10) ^ CCD. That is, as shown in FIG. 5A, the cathode of the 

FurtheT pn-junction photodiode 1 is applied a DC voltage Vj>d, 

and the anode of the photodiode 1 is connected to the 
12-ddVo/dt) (11) gate and drain of the sole MOS transistor 2a and the 

first electrode of the CCD. DC voltag e Vsais applied to 
From equations (9), (10) and (1 1), 45 the^source of the MOS transistor and V» is applied tn 

the second electrode of the CCD. To the third elec- 
WVo/dt^iwiiq/nkTUVssx- v 0 )} trode of the CCD is applied *i, to the fourth, $2, to the 

fifth, <t>3. and so on. To the input diode 50 of the CCD 
or is applied 4>d pulse. 

mtto/nk-ntv v^Wdv -rwrw, fi« 50 Rcfcrrm S to the timing chart of these pulse signals in 

Integrating the equation (12) with the condition that fi"*™ M } " °? W ^ 

V ==V at t=0 p "S 1 ^ ^becomes low at t=ti, the electrons 

° 01 1 are injected into the region under the electrode Vr 

v 0 =Vss\M*kT/q)\*{q/{nkTQ)!W- 55 through the region under the electrode V c . When the 

t+txp{<s/nkTXVa\-Vssi)}) (13) P ulsc signal becomes high at t=tj, the excessive 

electrons return to the input diode. These are the reset- 
Equation (13) indicates that the sum of the integral ting operation, and then a new round of integration 
value of the photocurrent I/>and a constant value deter- starts. At this condition, the electrons under the elec- 
minedbyV^i— Vssi is logarithmically converted, Since 60 trode Vr are drained through the region under the 
the constant value exp{(q/nkT)(V 0 — Vssi)} decreases electrode V<?to the input diode 50. This means that a 
as V 0 j- Vss\ decreases, the logarithmic conversion can current flows from the input diode 50 to the region 
be more accurate when the initial value V 0 ] of the volt- under the electrode Y>, and the amount of the current 
age V 0 is set smaller compared to the source voltage is the exponential function of the voltage difference 
Vssi of the first MOS transistor la. 65 between Vg and Vr. In this embodiment, the input 
The output voltage generated by the above described diode 50 of the CCD corresponds to the drain of the 
circuits can be given as charges to a CCD by the volt- second MOS transistor 2b and in FIG. 4A, and the 
age balancing method (cf. Carlo H. Sequin and Michael electrons stored under the second gate of the CCD 
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correspond to the charges stored in the capacitor con- 
nected to the source of the second MOS transistor 2b 
and in the source of the second MOS transistor 2b. 
After the integration is finished at t=t3, the pulse signal 
4>i becomes high at t— u and the electrons stored under 5 
the electrode V/j are transferred to the CCD. 

The high speed operation of the embodiment is now 
explained, A stray capacitance exists around the gate of 
the first MOS transistor la. In order to cope with a high 
speed operation and adequately follow the change in 10 
the photocurrent Ip, the stray capacitance must charge 
or discharge in a sufficiently short time compared to the 
integration time. Since the gate and the drain are con- 
nected to each other in the first MOS transistor 2a in 
FIG. 1. the discharging of % stray ranacitance (where 15 

the photocurrent changes from a larger value to a 
smaller value) is done by the first MO<; transistor 7a. 
But the charging of the stray capacitance (where the 
photocurrent I/> changes from a smaller value to a larger 
value) must be done by the photocurrent Ip, which 20 
takes longer time than in the case of charging. 

The embodiment shown in FIG. 6 addresses the prob- 
lem, where a pre-charge transistor 2p is added. The 
pre-charge transistor 2p is connected to the gate of the 
first MPS transistor 2a . Before starting an integration, 25 
tne pre-charge transistor 2p is turned on (Le., become 
conductive) by a pre-charge pulse whereby the 
voltage at the gate of the first MOS transistor 2a be- 
comes high. When the integration starts, the first MOS 
transistor 2a is in a discharging state and the proper gate 30 
voltage corresponding to the photocurrent can be ob- 
tained at a shorter time. 

In FIGS. 7A-7C, the pre-charge transistor 2p in FIG. 
6 is realized by a p -channel MOS transistor. In this 
specific example, the drain of a p*channel MOS transis- 35 
tor is used as the anode of a photodiode. The structure 
of the example is as follows. In a p-substrate 4, an n-well 
region 5 is formed, which will be the cathode of a pho- 
todiode 1. On the n-well region 5, a P+-region 6 is 
formed by the diffusion method, which will be the 40 
anode of the photodiode. A p-channel MOS transistor 
2p is formed on the n-well region 5, where the P^- 
region 6 (which is used as the anode of the photodiode) 
is used also as the drain of the p-channel MOS transistor 
2p. Another P+-region 7 is formed on the n-well region 45 
5, and is used as the source of the p-channel MOS tran- 
sistor 2p. A DC voltage V/?/>is applied to the n-well 5 
through an aluminum electrode 8 and an n+ -region 9, 
DC voltage V^is applied to the source 7 of the p-chan- 
nel MOS transistor 2p, and a pre-charge pulse signal &p 50 
is input into the gate of the transistor 2p through an 
appropriate electrode 10. On other regions of the sub- 
strate 4 are formed an n-channel MOS transistor 2a 
(with a source 13 and drain 14 formed by n+ -regions 
and a gate 15 therebetween) and a CCD. Here the cir- 55 
cuit as shown in FIGS. 1-5A is completed. An alumi- 
num line 11 is placed (via an insulation layer 12) on the 
gate electrode 10 in order to decrease the resistance of 
the gate line which is formed by polysilicon. 

As described above in detail, the image sensing de- 60 
vice according to the present invention can generate an 



electrical signal whose value is proportional to the loga- 
rithm of the intensity of input light. That is, the large 
dynamic range of the input light is effectively com- 
pressed to become a smaller signal output range. Since 
the logarithmic compression is performed in the photo- 
electric converting section of the image sensing device, 
the overall dynamic range of the image sensing device is 
not restricted by the dynamic range of the signal trans-, 
fer section that transfers the signal charges to the output 
terminal of the device. Further, the image sensing de- 
vice of the present invention can be highly integrated 
because the device uses MOS transistors, and it is still 
possible to form a CCD on the same chip. 
What is claimed is: 

1. An image sensitive device, comprising: 

a first MOS transistor having a gate, a source and a 
drain, said first MOS transistor operating in a sub- 
threshold region; 

a second MOS transistor having a gate, a source and 
a drain, said second MOS transistor operating in a 
subthreshold region, and said gate of the second 
MOS transistor being connected to the gate and 
drain of the first MOS transistor; 

photoelectric current generating means for generat- 
ing a photoelectric current proportional to an in- 
tensity of incident light, said photoelectric current 
being provided to the drain of the first MOS tran- 
sistor; and 

a capacitor connected to the source of the second 
MOS transistor; wherein a voltage resulting from a 
connection between the source of the second MOS 
transistor and the capacitor is logarithmically pro- 
portional to an integrated amount of the photoelec- 
tric current. 

2. An image sensitive device as claimed in claim 1, 
wherein a pulse signal is applied to the drain of the 
second MOS transistor so that the second MOS transis- 
tor initializes the voltage of the connection between the 
source of the second MOS transistor and the capacitor. 

3. An image sensitive device, comprising: 

a MOS transistor having a gate, a source and a drain, 
said MOS transistor operating in a subthreshold 
region; 

photoelectric current generating means for generat- 
ing a photoelectric current proportional to an in- 
tensity of incident light, said photoelectric current 
being provided to the drain of the MOS transistor; 

a charge-coupled device whose first gate is connected 
to the gate and drain of the MOS transistor; and 

means for applying a direct-current voltage to a sec- 
ond gate of the charge-coupled device; wherein an 
amount of charge stored under the second gate of 
the charge-coupled device is logarithmically pro- 
portional to an integrated amount of the photoelec- 
tric current. 

4. An image sensitive device as claimed in claim 3, 
wherein an input diode is provided in the charge-cou- 
pled device, and a pulse signal is applied to the input 
diode to initialize the charge stored under the second 
gate of the charge-coupled device. 
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